Abstract. The importance of leads, sea ice motion, and frazil ice on the wintertime ocean boundary layer was examined by using a large-eddy simulation turbulence model coupled to a thermodynamic slab ice model. Coupling was achieved through exchange coefficients that accounted for the differing diffusion rates of heat and salinity. Frazil ice concentrations were modeled by using an ice crystal parameterization with constant crystal size and shape. Stationary ice without leads produced cellular structures similar to atmospheric convection without winds. Ice motion caused this pattern to break down into a series of streaks aligned with the flow. Eddy fluxes were strongly affected by ice motion with relatively larger entrainment fluxes at the mixed layer base under moving ice, whereas stationary ice produced larger fluxes near the top of the boundary layer. Opening of leads caused significant changes in the turbulent structure of the boundary layer. Leads in stationary ice produced concentrated plumes of higher-salinity water beneath the lead. Ice motion caused the lead convection to follow preexisting convective rolls, enhancing the roll circulation salinity and vertical velocity under the lead. Comparison of model time series data with observations from the Arctic Leads Experiment showed general agreement for both pack ice and lead conditions. Simulated heat flux carried by frazil ice had a prominent role in the upper boundary layer, suggesting that frazil ice is important in the heat budget of ice-covered oceans.
Introduction
Climate studies consistently point out the importance of polar sea ice as a component in the global heat budget. Major factors that govern ice properties include dynamic processes, which distort the ice causing cracks or leads, and thermodynamic processes, which control freezing and thawing of the ice pack. Because of these processes, significant changes in the heat, salinity, and momentum content of the ocean boundary layer (OBL) are produced as water is exposed in leads or insulated beneath multiyear ice. During [Kantha, 1995; Morison, 1993, 1998 ]. While these results are encouraging, they provide only a small sample of the conditions that force turbulence beneath Arctic leads and are unable to yield a detailed three-dimensional analysis of the turbulent processes that occur beneath and downstream from leads.
To extend these results, our approach is to apply a threedimensional LES model to the problem of convection beneath leads and sea ice. The LES model is coupled with a detailed ice model so that interactions between upper ocean turbulence and sea ice can be directly examined. Our goal is to examine the boundary layer structure created beneath sea ice and leads and determine how ice processes affect turbulence and turbulent fluxes in the under-ice OBL. Using the LE,S technique, we are able to examine the OBL under slab ice at near-equilibrium conditions. This is not the case with leads, where we can only examine the short-term influence of the lead circulation because of the closed periodic boundaries inherent with LES models.
The paper is organized as follows. A description of the coupled LES-ice model is presented in section 2 along with the experimental design in section 3. Two main experiments are performed by using the model: pack ice and a lead with ice motion. The objective in performing these experiments is to better understand the basic structure and influence of turbulent processes active under sea ice and leads. Key processes that are examined include mixing produced by roughness on the ice pack base, frazil ice, the role of salt flux from ice formation in both leads and under pack ice, and entrainment across the halocline at the mixed layer bottom. Results from these experiments are presented in section 4 including comparisons with flux measurements taken as part of the Arctic Leads Experiment (LEADEX) in spring 1992. The conclusions of the paper are presented in section 5. may also cause enhanced upper ocean mixing because of dif-2. LES-Ice Model ferential momentum flux created as winds impart momentum to the exposed sea surface in the lead and, for larger leads, Most existing ice models focus on the prediction of longbecause of Langmuir circulations generated by wave-current term ice behavior appropriate for climate simulation models. interactions. In contrast to the unique turbulence signature of Emphasis has been placed on accurate prediction of ice proleads, mixing beneath pack ice is more like an aerodynamically rough wall layer flow. Features in the ice, such as compression ridges, create a turbulent boundary layer that is dependent on the roughness of the ice, ocean current veloci- 
where Pa is the density of air, Cp is the specific heat at constant pressure, C s is the sensible heat bulk transfer coefficient, V is the wind speed, and T a is the air temperature. The conductive heat flux is defined by assuming a linear temperature profile through the ice yielding kski F c = •(rw-ro), S i is the ice salinity, k s is the thermal conductivity of snow cover, h is the ice thickness, H is the snow thickness, and T w is the temperature of the water at the ice-water interface [Maykut, 1978] . The experiments performed in this paper 
where 
which can then be used to solve for the ice growth velocity respectively. As a simplification, we ignore the influence of molecular processes on exchange rates between the crystals and surrounding water.
Our choice of R i was determined through trial-and-error applications of the ice model using observed turbulent heat and salt fluxes as a basis for validation. Decreasing R i created greater production of frazil ice but reduced the deposition of frazil on the slab ice via w r because the rise velocity is proportional to R i [see Jenkins and Bombosch, 1995] . As a result, for small R i, frazil produced near the ice bottom melted within 2-to 3-m depth because of the pressure dependence of Tf (our initial temperature profile was assumed constant at the under-ice freezing temperature). Melting of frazil produced salt fluxes that were lower than the observations. In contrast, increasing R i reduced the production of frazil but increased the removal of frazil as w r increased. On the basis of these test cases, we found that R i = 0.001 m gave results consistent with the observed heat and salt flux behavior observed by MS.
We want to emphasize that the frazil ice model employed in these experiments has not been validated against observations of frazil ice. Many simplifications are contained in this model, such as uniform crystal size, shape, and growth rates. Because of these assumptions, adjustments in the crystal radius and rise velocity were necessary so that the modeled fluxes would match the observed turbulent fluxes. Clearly, a more complete frazil ice model would be preferred, for example, with ice crystal distributions and accurate exchange rates. However, observations of crystal size and shape distributions are needed before such a model can be developed. It is also possible that unforeseen ice processes (e.g., slushy ice) at the ice slab base alter the exchange coefficients defined in (14), thereby preventing supercooling and frazil formation.
Growth and advection of the ice slab were predicted by using the ice growth and rise velocity and prescribed ice advective velocity field, Uiceand Vice: 
Experimental Design
The main focus of the LES experiments was to quantify the influence of ice motion, brine rejection, and frazil ice on the upper ocean mixed layer. Initial conditions were prescribed by using an idealized neutral boundary layer profile representative of conditions measured during LEADEX (Figure 2 However, with leads, circulations set up by the lead surface forcing will cause changes in the boundary layer structure that can ultimately affect the turbulence signature produced by the lead. To avoid this interaction, the duration of lead simulations was limited so that the lead did not significantly change the overall boundary layer structure. The use of period boundaries imposes a significant constraint on the length of lead simulations, limiting our investigation to a few hours following the initial lead opening. We cannot realistically examine the long time period response of the OBL to leads by using the LES method, except for cases with lead coverage equivalent to the experimental setup (-21%), which is considerably higher than observed wintertime lead coverage (-5%) during storms. Instead, we focus on the turbulent structure near the lead and make comparisons with similar observations. 
Resolution in the lead

Results
A series of seven experiments were performed as outlined in Table 2 . A range of ice velocities were considered, with maximum values chosen to match observed ice velocities during selected cases from LEADEX. We begin our analysis with an overview of the turbulence structure beneath pack ice without leads.
No-Lead Simulations: Turbulence Structure, Transport, and Energetics
The first set of simulations represent conditions that might be expected in regions of uniform first-year ice coverage without leads and with minimal dynamic effects such as ridges and keels. Under these conditions, mixing in the upper water column is generated mostly by ice bottom roughness and convection forced by salinity flux as new ice freezes on the bottom of the ice pack. Although the upper ocean fluxes of heat and salinity without leads are relatively small, a large portion of the Arctic ocean has these conditions as an upper boundary during the winter months. Thus turbulent fluxes produced under pack ice are an important part of the overall Arctic ocean salinity and heat budget.
The salinity structure near the top of the OBL is shown in Figure 3 for each of the pack ice velocity scenarios (Table 2) Plots of the eddy fluxes also show the effects of smoothing, with measured data having more pronounced peaks in the fluxes. On average, however, modeled fluxes are within -20% of the observations, mostly because the large-scale eddies are responsible for the bulk of the scalar transport. Some of this agreement is based on our choice of the frazil ice crystal size, which was selected to yield a heat flux match with the nolead, Runway experiment data, thus fitting the model to the observations. Many factors could explain the differences between the model and observations, but overall the qualitative comparison is encouraging, especially given that our forcing is only an approximation of the actual data.
A more quantitative comparison of the model and observations can be made by using ensemble-averaged spectra. We computed the ensemble-averaged, observed spectral energy, Figure 9 for the approximate initial location). We chose this initialization procedure so that turbulence in the boundary layer would be fully developed, simulating upper ocean conditions after a sustained period under uniformly rough ice before encountering the lead. Initial ice thickness of the lead was set to 0.08 m, which yielded a nearly constant ice growth rate of-0.028 rn/d over the lead during the 2-hour simulation period.
Horizontal cross-section plots of the salinity for the lead cases are shown in Figure 9 from a depth of 3.8 m at hour 12 or 2 hours after initializing the lead. As in the no-lead cases, ice motion has a profound effect on the strength and organization of turbulence in the boundary layer. When ice is stationary, plumes are produced at the lead edge that quickly remove the more saline water produced during freezing at the lead surface and transport it to the mixed layer base. The structure of turbulence in this case is almost completely determined by the lead cooling rate and lead width, with convective plumes acting as a conduit for the vertical transport of salt and heat. Because the lead is considerably wider than the mixed layer depth, the pattern of convection is dominated by two regions of downward motion, rather than a single plume centered on the lead axis. This is shown more clearly in a vertical cross-section plot (Figure 10a) 
Frazil Ice Effects
Although most of the heat lost through the ice goes toward new ice growth at the ice base, a significant fraction of the heat loss acts to cool the ocean just beneath the ice. During LEADEX, the boundary layer temperature structure was typically very near freezing so that heat flux from the water to the ice produced supercooling and formation of frazil ice. Using optical techniques, Pegau et al. [1996] Simulation results imply that the effect of leads on the upper ocean heat and salinity budgets may need specialized parameterization in models of the polar oceans. For example, our results indicate that frazil ice under leads can carry a significant heat flux (i.e., --10-30 W m -2) and needs to be represented in the upper ocean heat budget. Most thermodynamic sea ice models simply convert all heat into new ice when the ocean temperature reaches the freezing point. LEADEX measurements and our results indicate that a significant fraction of the outgoing heat flux can cool the ocean boundary layer while ice is forming. We plan to further explore this hypothesis in future research by using data from the Surface Heat Budget in the Arctic (SHEBA) experiment.
